Polarization analysis of K-edge resonant x-ray scattering of germanium 
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The polarization of K-edge resonant scattering at the space group "forbidden" (0 6) reflection 
of Ge was measured as function of the azimuthal angle, tp. The experimental results are compared 
to model calculations based on symmetry analysis of the resonant scattering tensors. 
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In the last few years the investigation of reso- 
nant scattering phenomena has allowed novel studies 
of antiferromagnetism (through resonant magnetic x- 
ray scatteringi) and, more recently, of orbitaP"^"^'^ and 
quadrupolar order^. Although much progress has been 
made in the theory and interpretation of these effects, a 
large number of open questions concerning the origin of 
the scattering remains. 

A characteristic feature of resonant scattering is its po- 
larization dependence, which differs markedly from that 
of normal Thompson scattering. Indeed, polarization 
analysis (PA) has now been developed into a standard 
tool for the study of the aforementioned effects. In this 
communication I present a study of resonant x-ray scat- 
tering at the Ge K-edge with emphasis on the analysis 
of polarization effects. Anisotropic tensor susceptibility 
(ATS) scattering--®--^, and orbital/quadrupolar order res- 
onances are intimately related as the scattering arises 
from the same transitions between core level and valence 
band electronic statesi^. Therefore systematic studies of 
a well-known reference system may lead to better under- 
standing of the complex situation in compounds exhibit- 
ing orbital order. 

One may distinguish three different classes of ATS 
scattering, depending on the rank of the scattering ten- 
sor: The original experiment on NaBrOs may be de- 
scribed by second rank tensors corresponding to elec- 
tric dipole (El) transitionsiSiS. A later experiment on 
a — Fe203 evidenced electric quadrupole (E2) transitions, 
which give rise to fourth rank tensors'^k Finally, ATS 
scattering in Ge was attributed to rank three tensors. 
Two different origins of this tensor were proposed: An 
E1~E2 mixed resonancei2iiii4, and an El-El process 
combined with a displacement of the scattering atom 
due to thermal motion^^'^^. The subject is still under 
discussioniii^. 

The azimuthal dependence of the scattered beam in- 
tensity was calculated an d experimentally verified by 
iTempleton and Templetoife . but without polarization 
analysis. For some selected photon energies, the phase of 
th e (0 6) an d (2 2 2) resonant scattering was determined 
bv lLee et alifc ^ thro ugh the interfer ence w ith Umweg r e- 
flections. Finally, iKokubun et alfe and iKirfel et ali& Si 
studied the temperature dependence of the (0 2) and 
(0 6) resonant scattering. They observed a strong in- 
crease of the intensity with increasing temperature, but 
only minor variations in the line shape of the resonance. 



They concluded that the dominant origin of resonant 
scattering lies in anisotropic thermal motion of the Ge 
atoms. 

The aim of the present experiment was to comple- 
ment the existing body of experimental data to further 
study resonant x-ray scattering of odd-rank tensors. Pre- 
sented below are measurements of the resonant line shape 
and the azimuthal dependence of the polarization of the 
(0 6) reflection, which is forbidden by the glide-plane 
extinction rule. 

The experiment was performed at the magnetic scat- 
tering beamline, ID20, of the ESRF. The scattering ge- 
ometry was vertical, with incident a polarization. A sin- 
gle crystal of Ge with a polished (0 L) surface normal 
was mounted in the azimuthal scan configuration which 
allows to turn the sample about the scattering vector, 
Q. The diffracted beam was reflected by a Au(3 3 3) 
polarization analyzer (PA) with 2dpA « 90°, which also 
rejected fluorescence and other diffuse background. The 
PA may be rotated about the diffracted beam (angle rj). 
T] — Q when the diffraction planes of the PA and the sam- 
ple coincided, i.e. when the PA accepted a' polarization. 

Fig. n (top) shows the intensity of the (0 6) reflection 
as function of the incident photon energy. For each en- 
ergy, the intensity was determined by integrating a rock- 
ing scan after subtraction of a constant background. To 
avoid contamination by strong Umweg reflections the en- 
ergy dependence was measured in several scans at differ- 
ent azimuthal angles. Regions where a marked azimuthal 
dependence on was observed were rejected. No absorp- 
tion correction was applied. The fluorescence yield and 
the intensity of the strong, allowed (0 4) reflection are 
shown in Fig. ^bottom) for comparison. 

Several features of these data are worth further discus- 
sion: Significant intensity is observed below the edge. 
This scattering may be due to the tails of Umweg 



refiections 



or to non-resonant ATS scatterinaSiS^. 



Furthermore, two deep minima (indicated by the arrows 
in Fig. ^1 , below and above the main resonance are ob- 
served. Such minima are characteristic of a change of sign 
of the scattering amplitude and might indicate interfer- 
ence between resonant and non-resonant contributions. 
It would therefore be of interest to determine the phase 
of the resonant scattering, e.g. through interference with 
an Umweg reflection of known phas o^^'^° . Finally, to- 
wards higher energies oscillations reminiscent of DAFS 
(Diffraction Anomalous Fine Structure) set in. 
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(0 6) t//=-45.8 
(0 6) V=-44.1 




Ge (0 6): Azimuthal dependence of polarization 
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FIG. 1: Energy scans through the Ge K absorption edge, with 
the PA set at = 0. The scattering at the forbidden (0 6) 
reflection shows a sharp resonance (top) near the inflection 
point of the absorption, as determined from measurements of 
the fluorescence and the (0 4) Bragg peak (bottom). The 
dashed line indicates the inflection point of the fluorescence 
curve. 



For the polarization measurements discussed in the 
remainder of this Communication the photon energy 
was tuned to the maximum of the resonance at E = 
11.096 keV. 

Fig.[21shows the detected intensity as a function of the 
orientation of the PA for different azimuthal angles, ip. 
For each ip, the Ge(0 6) reflection was carefully aligned, 
and it was verified that there was no Umweg excitation 
in the immediate vicinity. This requirement resulted in 
slightly irregular values of ip. The sample was then kept 
in this position while the polarization of the scattered 
beam was measured by rocking the analyzer crystal for 
settings of t] between 0° and 180°. The integrated inten- 
sities of these rocking scans are shown as open circles in 
Fig. 12 The data for each ip are normalized so that they 
are independent of the intensity of the scattered beam. 
Reliable measurements of the intensity of the scattered 
beam proved difflcult in the present experimental setup. 
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FIG. 2: Integrated intensities as function of the PA angle, 77, 
for different azimuthal angles, tp. All data are taken ai E — 
11.096 keV. Each open circle represents the intensity obtained 
by integrated a rocking scan of the analyzer crystal. The solid 
lines represent model calculation based in eas. 1191 1^ and 2] 



as the resolution function is determined by the combined 
narrow angular acceptances of the sample and the ana- 
lyzer. 

The polarization of an x-ray beam is most conveniently 
described by the Stokes parameters'^. 



Pi = 



IF. 



IF. 



IF 



F„ 



an' 
2 



|F„ 



F„ 



(I 



Fa a' 



IF., 



(I 



2 IF. 



IF. 



(1) 
(2) 

(3) 



The dependence of the transmission of an idealized linear 
PA on these is given by 



J(?7) oc [1 -I- Fi cos(27/) + F2 sin(2?7)] 



(4) 



The data presented in Fig. [21 where fitted to eq. ^ 
in order to determine the dependence of the Stokes pa- 
rameters. Pi and P2, on ip. The results are shown in 
Fig. 131 While the degree of circular polarization, F3, 
was not directly measured, it vanishes because jFaj < 
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FIG. 3: Stokes parameters, Pi ^2 determined from fits of the 
intensities to eq. |1] compared to the model, eas. I19l and l20l 



As pointed out above, the dependence of the polar- 
ization on the azimuthal angle may be calculated from 
symmetry principles alone. 

In Ge the two sites within the primitive unit cell are 
related by an inversion center at the midpoint of the cova- 
lent bond. As even rank tensors are invariant under space 
inversion, the aforementioned El and E2 resonances do 
not contribute to scattering at "forbidden" reflections, 
(HKL) with H + K + L = 4:n + 2. An odd rank tensor is 
therefore needed to explain resonant scattering observed 
at forbidden reflectionsiSiiii^. 

The E1-E2 processiSiiii^ directly gives rise to third 
rank tensors, Aafs-y. The resulting atomic scattering am- 
plitude may be written asi^ 



F(k, e, k', e') oc 



with 
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where e (e') and k (fc') are the polarization and wave 
vectors of the incident (scattered) beam. \a) and |6) are 
the initial (=final) and intermediate electronic states, huj 
is the photon energy, and T the inverse life time of the 
excited state. Pa is the probability that the corresponding 
state is occupied. 

In a system that is invariant under time reversal states 
which are related by time reversal, \d) ~ T\a), have the 
same energy, Eg, — Ea, and probability of being occu- 
pied, Pa = Pa, so that = _b('^.*). Furthermore, 
(a|ra|&) = {b\ra\a) and (a|r/3r^|5) = {b\rpr^\a), so 



that C. 
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well be carried out over a and 6, thereforeiS 
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where K(a;) denotes the real part of x. With this, eq. El 
reduces to 

F(k,e,k',e') oc e'*ep [Ac^p-yk-, - Apa.-yk'^] (13) 

) (k^ + fc;)] , (14) 

where Q = (HKL) — k' — k is the scattering 
vector. The first terni was already discussed by 
iTempleton and Templeto'r^ . The second term does not 
necessarily vanish in all cases — in fact, for certain sym- 
metries it may lead to x-ray natural circular dichroism, 
XNCD24.. 

A different explanation for the origin of reso- 
nant scattering in Ge, termed Thermal Motion In- 
duced (TMI) scattering, wa s recently proposed by 
iDmitrienko and OvchinnikovaE ^. Their theory con- 
structs a rank 3 tensor from El transitions combined with 
a displacement of the scattering atom out of the crystal- 
lographic, high symmetry position. These displacements 
are assumed to be of thermal origin, so that the scattered 
intensity increases strongly with rising temperature. This 
increase has indeed been observed experimentalljiiS*i&. 

In K-edge resonances an electron is promoted from a 
lsi/2 core level into an unoccupied valence band. The 
El and E2 selection rules require AZ = 1 and Al — 2, 
respectively. Consequently, the E1-E2 mixed and TMI 
resonances differ in their sensitivity to the the conduc- 
tion band symmetry: The former probes only valence 
bands with contributions of both p and d character, while 
the latter requires p character, only. In both cases band 
structure calculations are needed to obtain the spectral 
shape of the resonanc o^^i^"^ . 

However, as pointed out above, detailed knowledge of 
the matrix elements is not necessary to calculate the po- 
larization properties of the resonances. It suffices to re- 
quire that Aapj is invariant under the point group of 
the scattering site, Td for the case of Ge. The resulting 
tensor is Aap-y = DTap-y, where Z? is a complex num- 
ber depending of the matrix elements, the resonant de- 
nominators, the densities of state, etc, but not on the 
scattering geometry, and the photon polarization and 
wave vectors. Tap-y is symmetric over all its indices, i.e., 

Exyz — T^xzy — Tyzx — "Eyxz — T-'zxy — ^zyx — 1 and 

otherwisei^. In particular, A^py is symmetric in a and 
(3, so that the second term in eg. 1141 vanishes, whereas 
the first term gives 



F ccDe ' 



The sum over a and 6 may equally 
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Ea. ll5l describes the third-rank tensor resonant contri- 
bution to any Bragg reflection. In general, this contribu- 
tion is much smafler than the Thompson scattering. For 
practical purposes this term is therefore significant only 
when the Thompson contribution vanishes, i.e., at reflec- 
tions which are "forbidden" due to glide plane or screw 
axis extinction rules, or structure factor arithmetioi^i. 

For (0 L)-type reflections of Ge, the anomalous res- 
onant scattering amplitude is proportional to 



PsiO,^) = 0. 



(21) 



(16) 



where the polarization vectors have to be transformed 
into the coordinate system of the crystal, i.e., the depen- 
dence on is implicit in e and e'. 

The polarization of the scattered beam is completely 
described by the scattering amplitudes into the channels 
with polarization perpendicular (cr') and parallel (tt') to 
the scattering plane. For incident a polarization they are 

F^^.{e,i^) = I?Qsin(2^A) (17) 
Fa^,{e,i!) = I?Qsin(0)cos(2i/.), (18) 

with '0 = when the azimuthal reference vector, chosen 
as ho = (1 0), lies within the scattering plane. 
Equations II 71 and 1181 vield the Stokes parameters 

sin^(20)-sin^(^)cos^(2V>) 



P2{e,i>) = 



sin (2V') -f sin2(6') cos2(2i/>) 

sin(4'i/;) sin(6') 
sin (2V') + sin2(6') cos2(2V') 



(20) 



This result is identical to that of lElfimov et alfc 4. ob- 
tained from band structure calculations. Note that 
^"1,2,3 are independent of the scaling factor, D, and that 
P1+P2 — 1 for all tjj. The scattered beam is therefore al- 
ways linearly polarized. The experimental data, shown in 
Fig. 131 agree well with the values calculated from cas.ll9l 
and 1201 — bearing in mind that there are no adjustable 
parameters. 

In summary, I have presented measurements of the po- 
larization of ATS scattering at the forbidden (0 6) re- 
flection of Ge. The dependence of the Stokes parameters 
Pi and P2 on the azimuthal angle, ip, is well described 
by the model of third-rank scattering tensors. The line 
shape of the resonance was measured over an extended 
energy range. 

In high symmetry systems such as this one, symme- 
try analysis of the scattering tensor allows detailed pre- 
dictions about variation of the scattered intensity and 
polarization with the azimuthal angle. The technique is 
therefore particularly well adapted to the study of or- 
bitally ordered systems, where the determination of the 
symmetry of the order parameter is a problem of funda- 
mental importance. 
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